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Abstract

The methodology for use of a flowing afterglow - Langmuir probe apparatus to measure thermal electron detachment
rate coofficients is described. We determined the thermal detachment rate coefficient (1010 £ 300s ') for cyclo-C,Fy ions
and the rate coefficient (1.6 £ 0.5 x 107 cm*s ') for electron attachment of cyclo-C4Fy at 375 K. The scle 1oni¢ product
of attachment is cyclo-C,4Fy . The equilibrium constant for the attachment detachment reaction yields a free energy for
attachment at 375K of —0.63 £ 0.02¢V. from which we estimate the electron affinity (0K valuc) of cyclo-C,Fy to be

about 0.63eV.

Revwords: Electron attachment: Electron detachment; Negative ions: Electron affinity

1. Introduction

The flowing afterglow-Langmuir probe
(FALP) technique has been used to determine
rate coefficients and ionic products for electron
attachment for a long list of molecules, includ-
ing measurements for species which are solid
(low volatility) at room temperature (Cq) [1]
and the only measurements for radicals (CCl,
and CCL,Br) [2]. There have been several

* Corresponding author.

'Under contract to Orion International Technologies.
Albuquerque. NM. Also, Department of Physics and Astron-
omy. University of Oklahoma.

I Present address: Department of Chemistry, Massachusetts
institute of Technology. 6-234B, Cambridge. MA 02139.

review articles on the technique [3.4]. and a
recent one summarizes the past measurements
and describes new work in which both the gas
temperature and electron temperature may be
varied [5].

Chen et al. [6] and Knighton et al. {7} have
pointed out a problem with thermal-energy
electron attachment experiments on CgFy
that had been carried out using the FALP
and drift tube techniques. FALP [8] and drift
tube [9] experiments on electron attachment to
CyF¢ showed a dramatic and unprecedented
decrease in the apparent attachment rate
coefficient above a temperature of 300-
400 K. Chen et al. [6] correctly attributed this
apparent decrease to thermal electron detach-

£:58-1176/94/307.00 - 1994 Efsevier Science B.V. All rights reserved
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ment from CiF¢. At the time. the
electron affinity of C¢F, was thought to be in
the neighborhood of 1eV, but has since been
shown to be 0.52 4+ 0.10eV [10]. Knighton et
al. [7] used high-pressure mass spectrometry
with an electron scavenger to measure the
unimolecular rate for thermal electron detach-
ment from C¢F¢ in the temperature range
300-350K. Recently, the drift tube group
has used a new apparatus that allows them
to determine both attachment and detach-
ment rate coefficients in C¢F¢ gas buffered
with a high pressure of nitrogen as a function
of temperature [11]. There is now general
agreement that the original reports of a
rapidly declining attachment rate coefficient
for C4F¢ with increasing temperature came
about because the effect of thermal detach-
ment from C¢F¢ was not recognized. There
remains some question as to the effect of
buffer gas pressure [11].

The FALP technique has not been pre-
viously used to determine thermal electron
detachment rate coefficients. We report here
results of a study of the effect of t: zrmal
detachment from cyclo-C4F; on electron
attachment measurements using a FALP
apparatus, and find that under appropriate
operating conditions we can determine both
the electron attachment and thermal detach-
ment rate coefficients. To this end, it is
essential that the attachment reaction is non-
dissociative and that the ionic product does
not undergo further reaction other than
detachment. That is, only the forward and
reverse processes in Eqn. (1) are operant:

e” + cyclo-C4Fg = cyclo-C Fg (1

The attachment reaction is presumed to create
an excited intermediate that is thermalized by
the helium carrier gas in a FALP experiment
(typically about 130 Pa pressure). The lifetime
of the excited C;Fy formed in attachment is
(1.0-1.2) x 107> s [12,13]; during this time the
ior.s make about 150 collisions with the helium

buffer gas. The Maxwell-Boltzmann distri-
bution of internal energy among the cyclo-
C,Fy¢ ions in the carrier gas has a high-energy
tail which allows some of the ions to undergo
autodetachment. The electron binding energy
for cyclo-C,Fg 1is not known but may be
estimated as 0.63eV from the results of the
present work.

Much of the previous work on cyclo-C4Fy
[12,15-18] has been motivated by the use of
perfluorocarbon compounds as dielectrics in
electrical devices. The present work on elec-
tron attachment to cyclo-C4Fg was under-
taken as part of a project to determine what
effect electron attachment and ion/molecule
reactions have on the lifetimes of neutral per-
fluorocarbon compounds in the carth’s
atmosphere. Modeling of loss processes for
some of these ““greenhouse™ gases show calcu-
lated lifetimes of millenma [19]; the initial
modeling indicated that photolysis is the domi-
nant atmospheric loss process for cyclo-C4Fy.
Removal of molecules by electron or ion inter-
actions leads to a significant reduction in the
calculated atmospheric lifetime [20]. For cyclo-
C,Fy, the effect of electron attachment on
atmospheric lifetime will depend on the fate
of the cyclo-C4Fz anion after it has formed.
The electron detachment process observed for
cyclo-C4Fg in the present work should not
affect these lifetimes because the measured
detachment rate coefficients are important
only for temperatures greater than found in
the mesosphere and lower thermosphere.

2. Experimental

The FALP apparatus at Phillips Laboratory
is essentially a copy of the FALP apparatus
now at the University of Innsbruck [5] and
uses data acquisition hardware and software
developed at Innsbruck in the past two years.
Briefly, the FALP method utilizes a microwave
discharge to create an electron/positive-ion
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plasma in fast-flowing helium gas (260atm
em’s™!, 133Pa or 1 Torr) in a flow tube
of radius 3.64cm and length 1 m. Between
1-2 Pa partial pressure of argon gas is estab-
lished downstream of the discharge to elimi-
nate metastable-state helium via Penning
ionization. In the present work, octafluoro-
cylcobutane (Freon C318) was added to the
flowing plasma through an inlet that consists
of six hollow needles projecting radially into
the flow tube at an axial position 55cm down-
stream of the discharge and 45c¢m upstream
from the mass spectrometer sampling aper-
ture. Because the required flow rate of
rcactant vapor is small, a 0.64% mixture of
cyclo-C4Fg in helium was used so that the
reactant flow meter could be used on an
accurate scale. (The data at 464K were
obtained with neat cyclo-C4F;.) The cyclo-
C,Fy gas was purchased from PCR, Inc., and
has an analyzed purity of 99.8%. The helium
gas used in the reactant mixtures and as the
carrier gas in the flow tube was passed
through three liquid-nitrogen cooled mol-
ecular sieve traps to remove condensible
impurities prior to use. The attachment mass
spectra showed only m/z = 200 u ion product.
We assume the ion observed is cyclo-C4Fyg .
The cyclo isomer of C4Fg has been speci-
fically identified in EPR studies [14] of
irradiated cyclo-C4Fj.

The electron densities along the axis of the
flow tube were determined using a movable
Langmuir probe, as described in Refs. [3-3].
The Langmuir probe current—voltage
characteristic also gives the electron tempera-
ture (equal to the gas temperature in a helium
buffer) [S]. With no attaching gas present in the
flow tube, the decay in electron density along
the flow tube axis gives the ambipolar diffusion
decay constant vp. When the attaching gas is
present, measurement of the electron densities
allows the electron attachment decay constant
v, to be determined by fitting the data to the
solution of the rate equations describing the

coupled effects of diffusion and attachment
[3-5]. In the present work on cyclo-C F¢ 1t
was found that the rate equations must be
modified to include the effect of thermal
detachment in order to fit the data:

Vo(dn_[bz) = kynn, — kgn_ (2)
Volon_/éz) = —upn. (3)
bng/bz = (én_ [éz) — (én_ [A2) (4

where n_, n.. and n, are the negative ion.
positive ion. and electron number densities
respectively. and #, is the concentration of
reactant (cyclo-C4Fy) gas. The electron attach-
ment rate coeflicient &, is equal to v,/#,. and
kq is the thermal detachment rate coefficient.
The axial distance downstream of the
reactant inlet is =. The plasma velocity. }
(= 10*cms™"). was measured by pulse-
modulating the plasma density and timing the
arrival of the disturbance (a few percent drop
in n,) at the Langmuir probe at six axial
positions over a distance of 20cm in the
reaction zone. The cyclo-C;Fy number den-
sity was set at least 18 times the initial
(z = 0) electron density so that an assumption
of pseudo-first-order kinetics in the attach-
ment is justified.

The two basic assumptions involved in the
use of Eqns. (2)-(4) have been discussed in
Ref. [1]: (a) the loss of positive ions is by
diffusion only, and (b) the negative ions are
lost only by thermal detachment. Assumption
(a) is easily justified in our situation when n, is
as small as 7x10"cm™ and n, < 4x
10° cm™? because few molecular ions will be
produced in the reaction zone, and electron—
ion or ion-ion recombination loss of positive
ions is negligible in any case with low plasma
density. Assumption (b) is satisfied because the
diffusive loss of negative charge from the
plasma may be attributed to the highly mobile
electrons even when n_ exceeds n, by a factor
of 10-100 (21.22]. Biondi [21] and Oskam [22]
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used expressions for particle current densities
(which have a diffusive term and a mobility
term) for electrons, negative ions, and positive
ions in the plasma, and found that the neutral-
ity condition (analogous to Eqn. (4)) required
the ambipolar diffusion coefficients D, ..
D,.. D, _, for the three species to be

D,.~2D. (5)
D,.=2D_(1 +n_/n) (6)
D, ~2D.(1+n_/n)(D_/D,) (7

where D_. D_. and D, are the free diffusion
coeflicients (proportional to the respective
mobilities) of the three charged species in the
plasma. Note that in the absence of negative
ions there is only one ambipolar diffusion
coefficient. D, = 2 D,. Negative ions diffuse
against the space-charge field of the plasma.
and indeed Eqn. (7) shows D, _ to be negli-
gible since the mobility of an electron is typi-
caily 1000 times tha: of a negative ion [21] (and
thus D_/D, =~ 0.001 for our situation where
the electron temperature is the same as the
gas temperature). Because of this, as the
density of negative ions grows, the probability
that a particular electron will be lost to
diffusion increases proportionately, i.e., D,
increases with n_/n, in order to balance the
diffusive wall current of positive ions. We
reiterate that Eqns. (5)—(7) are certainly valid
as long as n_ is no more than 10 times n,; at
some point, the space-charge field collapses
and the plasma becomes a negative-ion/
positive-ion plasma with a different diffusion
coefficient [22]. These points regarding diffu-
sion are emphasized here because the results
below — both experimentally and in solu-
tions of Eqns. (2)-(4) — show that for a
steady-state diffusing plasma of constant
n_/n, the decay rates of the electron and posi-
tive ion densities are both described by the
diffusion decay constant vp measured in the
absence of negative ions (in the absence of
attaching gas). The diffusion decay constant

vp is equal to the ambipolar diffusion coef-
ficient divided by the square of the diffusion
length characteristic of the apparatus [2].

3. Determination of k, and &,

The analytic solution to Eqn. (3) (exponen-
tial diffusive decay) was used at incremental =
values, while Eqns. (2), (4) were solved numeri-
cally for n, as a function of -, analogous to the
method used in Ref. [2] for a different problem
(electron attachment to radicals). The numeri-
cal solutions were checked in various li:~iting
cases where the solutions are known. We
repeat that vp was determined separately in
the absence of reactant gas. The electron den-
sity at - =0 cannot be measured directly
because the reactant inlet port disturbs the
plasma flow in the neighborhood of the port.
The effective electron density at - =0 is
obtained by extrapolating the diffusion-only
data to - =0. In finding the best fit to the
attachment/detachment data, n. (z = 0) may
be adjusted stightly. accounting in effect for
drift in n, (z = 0) which may have occurred
between the diffusion-only and the attach-
ment/detachment data runs. Such an adjust-
ment moves the calculated curve in Fig. 1 up
or down without changing its shape. Fig. |
shows a fit of the solution for n, to data
obtained in a helium buffer at 375K. A start-
ing value of k,,9 x 10~ cm*s™'. was obtained
using our usual data analysis procedure (i.e.,
without considering thermal detachment). by
fitting only the first few points (low =) shown in
Fig. I, where thermal detachment should have
less impact since there are more electrons than
cyclo-C;Fg at low z. The calculated curves
in Fig. 1 show that this approximation is
reasonably valid only for the first two centi-
metres or so following the reactant inlet port.
Not surprisingly, a larger value of k,,
1.65 x 10" cm’s ™, is needed to fit the entire
range of the data, along with a k4 value of
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Fig. I. Electron density along the axis of the flow tube showing
approach to steady-state diffusive loss at large =, for the electron
attachment detachment reaction with cyclo-C,Fy  (7.34x
10" em™) at 375K. in 4 helium carrier gas (2.59 x 10'¢cm %),
The plasma velocity was 10020cms™'; (- yand (- - -)
solutions to Eqns. (2)-(4) for the conditions indicated.

986s™'. Fig. | also indicates the behavior
that would be expected if the thermal detach-
ment process were not active (k, = 1.65x
10" cm?®s™! and k,; = 0). The data shown in
Fig. 1 are ideal for obtaining k, and k,.
because the values v, = 1211s™' and k, =
986s™' are comparable in magnitude, and
both are adequately larger than vp (475s7")
so that diffusion errors in the determination
of k, (=v,/n,) and k4 are lessened. Three
other data sets were obtained at 375K, one
in which the initial electron density was 50%
lower than in Fig. 1. and two in which the
cyclo-C4Fy concentrations were lower than in
Fig. 1. Average values from the four data sets
at375K arek, = 1.6 £ 0.5 x 10 cm’s ™' and
kg = 1010 £ 300s™".

It is instructive to plot n,, 1, , and n_ for the
attachment/detachment approach to steady
state, using the rates obtained from the 375K
data. Figure 2 shows that (a) at all times the
positive ion diffusion rate is the same as that
measured in the pure electron-ion plasma;
(b) the electron density falls at a faster rate
initially because of the additional loss to
attachment, but in steady state has the same
diffusion rate as the positive ions, and (c)

5x10" . . .
\\\ e +c-C,F, -~ c-CF, at375K
~ ~ 7 n
& N i
3] i
g ™~ . n - N
P ,/'/'\ - -
2, g / ~ Tl ,l
& 1x107t “~ -
° / L
% / ~
o I
£ i T~
=] R
c h L.
i 1
2x 108U . . " . N
0 10 20 30
7 {cm

Fig. 2. Calculated clectron, negative ion. and positive ion
densitics along the axis of the flow tube. for the ditfusion. attach-
ment. and detachment parameters derived from the data shown
in Fig. 1, indicating the approach 1o steady state by each of the
charged species in the plasma.

although the negative ions have negligible dif-
fusive loss. the attachment detachment inter-
change results in #n_ showing the same decay
with time (or distance along the flow tube)
because of diffusive loss during the free-
electron phase.

Data were also obtained at 464K. The
detachment reaction was so strong (= 3400s™")
that an unusually large amount of reactant gas
was needed (10" cm™*) in order to achieve sig-
nificant decrease in the electron density from
attachment. As a consequence of the high
reactant concentration, the electron density
decrease took place within a few centimetres
of the reactant inlet port and was difficult to fit
to the rate expressions with any confidence.
Also, a large concentration of cyclo-C4F,
resulted in a lowering of vp because ion/mol-
ecule reactions change the positive-charge
carrier from He* and Ar* to C,F; ions. and
this lowering of the asymptotic slope observed
in ne vs. - at large - had to be accounted for in
the modeling, further complicating the data-
fitting process. (An effective ion/molecule
reaction rate coefficient of 7.2 x 10™"' em's™!
was needed to account for the change in dif-
fusion decay constant, and values of k, = | x
10 cm®s=! and A4 = 3400s™" were obtained
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in the fit shown in Fig. 3.) The 464 K data and
fitted curves are shown in Fig. 3 for the purpose
of illustrating a limitation of the method. The
modeling calculations imply that a better choice
for n, at 464 K would have been a value for which
v, = ky. A slower approach to steady state might
have allowed more accurate determination of &
and &, but would still be limited by the change
occurring in vp.

Once the results at 375 and 464K were
obtained, showing quite obviously effects of
thermal detachment, data acquired at 303K
were re-examined. These data are shown in
Fig. 4: the decay in electron density covers an
order of magnitude. Our original analysis of
these data (not considering thermal detach-
ment) did not indicate significant (or system-
atic) deviation from the simple attachment
case customarily employed to fit the FALP
data. A fit with our usual analysis protocol
(i.e.. kq = 0) was not perfect, but satisfactory
-~ the lowest one or two points fell above the
best-fit attachment/diffusicn curve, but nol
alarmingly so, as the experimental uncer-
tainty in the low-n, points is greater than for
large 7. The fit gave k, = 1.1 x 1078 cm?s™".
Re-analysis using numerical solutions to Eqns.
(2)-(4) showed that thermal detachment has a
more significant effect than is first apparent.
The revised fits to the two data sets available
at 303K (for two cyclo-C,sF; concentrations
differing by a factor of two) both yielded
k, =15+05x 10" cm's™' and an average
value of ky =260 +260cm®s™'. The large
uncertainty in k4 is a consequence of the rela-
tively small thermal detachment rate coefficient
(260s™") for the fit shown in Fig. 4, compared
with the attachment (960s™') and diffusion
347s™') decay constants, and the few data
points that had been obtained at 303 K.

4, Determination of equilibrium constant

The equilibrium constant for the attach-

5x10"

v . v - v l
e + c-CJF8 P c-CaFa' at 464 K 1

d
N

1x 10"

electron density (cm

attacnment

8 ard aifus.on
2x 10 O_._.__ -

6 12 ‘B
z(cmy

Fig. 3. Electron density along the axis of the flow tube for the
electron attachment detachment  reaction  with  cvclo-Cy k.
(10" cm'y at 464 K. in a helium carrier gas (2 x 10™em )
The plasma velocity was 10600cms ' ) and ( ¥
solutions to Eqgns. (2) (4) for the conditions indicated.

ment/detachment reaction (1) is given by {23]:
Ka = ka /kd (8)

In Fig. | it appears that reaction (1) essentially
reaches steady-state diffusive loss at distances
hevond 28 cm from the reactant inlet port.
because the slope of the attachment detach.
ment curve is the same as that of the dif-
fusion-only line, within the small scatter in
the data.

Under conditions in which equilibrium is
established. én_/6z 1n kq. (2) 1s zero at large
z, resulting in an alternative expression for K|
[24]):

K, = [n_/nen e, Equilibrium case (9)

This expression is not applicable with the
FALP experiments because equilibrium is
never attained. The rate equations (2)-(4)
show that all of n, n_. and n, follow (ambi-
polar) diffusion-limited decay slopes at large =,
as illustrated in Fig. 2. That is. én_/éz may
become constant at large =, but not zero
because of diffusive loss. Thus, in the case of
the FALP experiments, steady state in the
decay slopes occurs at large = if:

Vo(bn_/bz)ss = —vpn_ (10)
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Fig. 4. Electron density atong the axis of the flow tube for the

clectron  attachment detachiment  reaction  with  ¢velo-CyFy
(640 < 10"Mem ) at 303K, m a hehum  carrier  gas

(322 % 10"cm ') The plasma velocity was 9905c¢ms
( ) and ( -): solutions to Egns. (2} (4} for the conditions
indicated.

which leads to
(n_/(neny)iss = ku/(kg = ) (1n)

Therefore, values of n_ and n, at steady state
(large o) cannot be used to calculate K, as is
done in equilibrium experiments (Eqn. (9)): a
diffusion correction is required in FALP
experiments:

Ky = [n_/(nen;)]ss[l = (vp/ky)]
steady-state case (12)

For pseudo first-order kinetics to hold, we set
n, > n.; that is, n, is effectively constant, and
therefore n_ /n, is also constant at large -, as is
evident in Fig. 2. Since the magnitude of the
[1 — (vp/kq)] correction can only be deter-
mined by first fitting the data to obtain ky
(and k,), from which K, may be calculated
directly, Eqn. (12) does not give an indepen-
dent method of determining K, and therefore
has limited usefulness for FALP experiments.

Note that Eqn. (11) implies that the steady-
state condition is not always reached in FALP
experiments. If ky < vp the plasma diffuses
away before steady state is reached; the data
of Fig. 4 provide an example, since ky
(=260s"") for those data is less than vp

(347s '), Note also that Egn. (10) does not
imply that the negative ions contribute to dif-
fusion: the effect at large - 1s a result of the
attachment detachment interchange between
n_ and n,.

The equilibrium constant found from Eqn.
(8). using k, = 1.6 x 10 *em’s ' und A, -
1010s™" from ‘the present work. is K, =
1.58 x 107" em® at 375K,

While the uncertainty in & and Ay 18 ©30%.
K, depends only on the relative accuracy. We
estimate the uncertainty in K, to be 20"
based on a sensitivity analysis with the data-
fitting procedure, and on the staustical varia-
tion observed in different data sets. To give
one example. if &, is fixed at a value 20%
lower than the best-fit value for the data of
Fig. 1. k4 must be lowered by 8% to achieve
a reasonabile fit to those data. (This fit. with a low
value of k,. clearly overestimates the electron
densities at intermediate values of z. but fits den-
sities at low and high =). Thus. in this example for
k, 20% low. K, turns out 1o be 15% low.

5. Determination of the free energy for electron
attachment

K, may be normalized to standard pressure
by multiplying by the gas concentration at
latm pressure and 375K, giving K, =
3.10 x 10®. Then. the free energy AG for the
attachment reaction is given by

AG = —kT In K, = -0.63¢V (13)

6. Determination of enthalpy for electron
attachment

The entropy change AS” in the attachment
reaction (1) is calculated from
AS® =S°(cyclo-CyFg ) — S°(cyclo-C4Fy)

- S5°(e7) (14)
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Here, the S terms are the constant-pressure
entropies of cyclo-CyFy . cvelo-CyFy. and the
clectron. respectively. S (e7) at 375K 18
interpolated from values given in the JANAF
tables {25] and adjusted for Is.tp. atm
reference pressure. or evaluated from

Sic v =hkln Dt";/\"l"’)S :(Zmnc)} :(]) n ‘
(15

where & is Boltzmann's constant. / is Planck’s
constant, e is the base of the natural logarithm.
m 1s the electron mass. and p is the reference
pressure (1.013kPa). The leading factor of two
inside the brackets of Egn. (15) is the spin
multiplicity of the electron. Since the §
terms of Eqn. (14) all have logarithmic
dependences. we only need the ratio of the
arguments of the logarithm function for
cyclo-C3F, and cvelo-CyFy. The major contri-
bution to this ratio is in the electron spin
degeneracies. 2 for cvelo-CyFS . and 1 for
cvelo-CyFy (the electron in the anion is pre-
sumed to be in a non-degencrate orbital [14]).
The translational contributions cancel. and the
rotational contributions will largely cancel
since the symmetry of the anion and neutral
1s the same. The vibrational partition function
may in fact not cancel if there is an appreciable
“softening”™ of the vibrational frequencies
upon anion formation: this would lead to a
small positive contribution to AS  [23]. In
any case. AS  affects AH  only at the 10%
level. Thus.,

AS =kIn2 - klIn[2ekT) “(2mm’t "
x(ph'y Y (16)
AS = -2060 x 10 *eVK ! (17)

We can now obtain the enthalpy for the
attachment reaction at 375K

AH =AG +TAS = -07leV (18)

The procedure above may be summarized
with the formula

K, = 1.700 > 10 I.cm:u,l\ il
xexpl- AH kT NEE

where g4 and ¢4 are the degenerucies of the
neutral and negative 1on. respectively.

The +20% uncertainty in A, atlects AH
by 1% since AH depends only logarithmu-
cally on K. Even if the absolute uncertaimtios
in Ak, and Ay (30%¢) are combined to gnve
4 maximum 60% uncertainty i K,. A/f
is only affected by a few percent. Hencee. the
attachment detachment equilibrium technique
should vield accurate AH . Additional confi-
dence in AH  deduced in this manner may be
gained from experiments in which the carner
gas nressure s varied. to ensure thermalization
of the negative wons formed in the attachment
process, and from measurements at other tem-
peratures. (The present result is based only on
data at 375K. because the 303K and 464K
data arc not considered rehable. Neverthe-
less, the 303 and 464 K data vield values tor
the electron aftinity of ¢cvclo-CyFy that are
within 0.08¢V of that obtained from the
375K data. below.y We plan to undertake
more  complete  experiments in - the  near
future. for several molecules.

7. Estimate of the electron affinity of cyclo-
C,Fyg

The electron affinity (EA. defined at 0K) of
cyclo-CyFy is related to the value of AH
found at 375K by

a7s

EA = - AH s + [ Co(A ) dT

J0

REN 375
—J Cp(A)dT J Cple)dT (20)
(

) 0

where (), are temperature-dependent specific
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heat functions for A = cyclo-CyF A = cvelo-
CyFq. and for the electron. The specific-heat
function is not known for cyclo-C,F, . If we
assume that the integrated specific heat is
approximately the same for both cyclo-CyF,
and cvelo-CyFy, then only that for the electron
need be evaluated. We obtain

Cple 1dT = 3KT - 0.081 eV (21)
Jo
as given in the JANAF tables [251. Egn. (20)
then vields an estimate of the clectron affinity
of evelo-CyF of 0.63 eV,

8. Previous work

Thermal  clectron  detachment was  first
observed for O [26] using a drift tube appa-
ratus. Thermal detachment has since been
observed for a large number of negative ions
using the electron capture detector (ECD)
method (see Ref. [6] and [27]). starting with
aromatic hvdrocarbon anions [28]. Measure-
ments of thermal detachment rate coeflicients
are few, however, und include those for O,
[26]. NO [29 31}, azulene anions [32.33].
C.F, [7.11]. and C4F, [34]. For O~ [26] and
NO  [30]. drift tube measurements of both the
{ternary) electron attachment and (binary) ther-
mal detachment rate coetficients in the same
experiment enabled the accurate calculation of
the electron affinities of O, and NO. respec-
tively. The ECD method makes use of the
detachment  process to  determine  electron
affinitics [27]. In other cases [7.29.32]. results on
thermal detachment have been shown to be con-
sistent with accepted electron affinities. Excellent
discussions of the process and measurements of
detachment rates have been given by Knighton
ctal. [7]. Grimsrud et al. [32]. and Kebarle and
Chowdhury [23].

The electron attachment rate coeflicient
determined here for 303K, A, = 1.5+ 0.5x
10 *em's ', may be compared with previous

results (in units of 10 “em’s 'yat 298 300K:
1.25 [15]. L.1E[16]. and 1.2 [17]. Although the
present A, agrees with the previous values
within experimental uncertainty. it 15 worth
noting again that if thermal detachment was
not taken into account the fit 1o the present
data at 303K vields k, = 1.1 - 10 “em's .
It is likely that the previous experimental
values suffer similarly. There are no previous
measurements of A, other than at room tem-
perature with which to compure our results,
Chutjian and Alajajian have shown that the
attachment is due to an clectron scattering
resonance around zero energy [35].

The maximum s-wave attachment rate coet-
ficient at 300K is 5% 10 cm's [36]. A
more realistic maximum s the  electron-
capture rate coetlicient of Klots [36]. For a
cvelo-CyF polarizability of 1.2+ 10 ~'om’
(estimated (rom the polarizabiliies of similur
molecules [37]) the Klots formulation gives an
clectron-capture rate coeflicient of 3.4
107 em’s™ at 300K, Thus. the measured
rate cocflicient corresponds to an clectron
attachment cvent o one out of every 23
collisions at room temperature.

9. Conclusions

We have deseribed methodology for using
the FALP technique for measuring thermal
clectron  detachment  rate  coeflicients. We
have determined both the clectron attachment
rate coefficient (A, - 1.6 =0.5x 10 “em’s )
and the thermal detachment rate coefficient
(kg = 1010 = 3005 ") for cyclo-C,Fy at 375K.
The method is shown to be most accurate when
the experimental conditions arce such that the
attachment  decay constant  (A,n,) and the
detachment rate coefficient (k) are similar in
magnitude. with both larger than the diffusion
decay constant. In other situations. where cithe
k., or ky dominates. or where the neutral reaciat
concentration is large cnough that ion‘molecule
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reactions alter the positive ion identity, the
thermal detachment rate cannot be determined
accurately. Even when the effect of thermal
detachment is not at all obvious (as with
cyclo-CyFg at 303K), thermal detachment
can have a significant effect on the value of
k, derived from the data.

The equilibrium constant for the attachment/
detachment reaction (1) has been obtained at
375 K. and yields the free energy for the attach-
ment reaction at this temperature, AG" =
—0.63 = 0.02eV. Assuming the partition func-
tions for cyclo-C4F¢ and cyclo-C4Fy are equal
except for the electron-spin degeneracy, we
obtain the enthalpy of the attachment reaction
at 375K, —0.71eV. Assuming the integrated
specific heats for cyclo-C,F; and cyclo-C,Fy
are similar, we are able to estimate the electron
affinity of cyclo-C4Fg as 0.63eV. A review of
previous work on attachment/detachment equi-
librium. especially with O, [26] and NO [29,30].
leads us to believe that perfection of this tech-
nique with the FALP apparatus will enable
accurate measurements of electron affinities
for molecules possessing relatively low elec-
tron affinities. perhaps < 1eV. This method
is only applicable if the electron attachment
process is non-dissociative, and if the negative
ion product of attachment does not react with
the parent neutral.

Acknowledgments

We wish to thank Drs. Davii Smith and
Patrik Spanél of the Institut fiir lonenphysik
at Universitdt Innsbruck for their considerable
help and advice on the FALP apparatus.

References

[1] D. Smith, P. Spanél and T.D. Mirk. Chem. Phys. Lett.,
213 (1993) 202.

2] N.G. Adams, D. Smith and C.R. iierd. Int. J. Muss
Spectrom. lon Processes, 84 (1988) 243,

{31 N.G. Adams and D. Smith. in J.M. Farrar and W.H.
Saunders. Jnr. (Eds.). Techniques for the Study of Gas-
Phase lon-Molecuie Reactions, Wiley Interscience,
New York. 1988, p. 165.

(4] D. Smith and N.G. Adams. in W. Lindinger. T.D.
Mirk and F. Howorka (Eds.). Swarms of lons and
Electrons in Gases, Springer-Verlag. Heidelberg, 1984,
p. 284.

[5] D. Smith and P. Spanél, Adv. At. Mol. Phys.. 32 (1994)
307.

[6] E.C.M. Chen. W.E. Wentworth and T. Limero. .
Chem. Phys., 83 (1985) 6541.

{7} W.B. Knighton. J.A. Bognar and E.P. Grimsrud.
Chem. Phys. Lett.. 192 (1992) 522.

[8] N.G. Adams. D. Smith. E. Alge and J. Burdon, Chem
Phys. Lett., 116 (1985) 460.

[9] S.M. Spyrou and L.G. Christophorou. J. Chem. Phys..
82 (1985) 1048
L.G. Christophorou. J. Chem. Phys.. &3 (1983) 6543,

{10} S. Chowdhury., E.P. Grimsrud. T. Heinmis and
P. Kebarle, J. Am. Chem. Soc.. 108 (1986) 3630.

[11] P.G. Datskos. L.G. Christophorou and J.G. Carter.
J. Chem. Phys.. 98 (1993) 7875,

[12] (a) 1. Sauers, L.G. Christophorou and 1.G. Carter.,
J. Chem. Phys.. 71 (1979) 3016.

(by W.T. Naff. C.D. Cooper and R.N. Compton.
J. Chem. Phys.. 49 (1968) 2784.

[13] J.CJ. Thynne, in D. Price (Ed.). Dynamic Mass
Spectrometry. Vol. 3, Hevden. London. 1972, p. 67,

[14] A. Hasegawa. M. Shiotani and F. Williams. J. Chem.
Soc. Faraday Discuss., 63 (1977) 157.

[15] A.A. Christodoulides. L.G. Christoph.rou. R\Y. Pai
and C.M. Tung. J. Chem. Phys.. 70 (1979) 1156.

See also L.G. Chrnistophorou, P.G. Datskos and J.G.
Carter, Ber. Bunsenges. Phys. Chem.. 96 (1992) 448.

[16]) F.J. Davis, R.N. Compton and D.R. Nelson. J. Chem.
Phys.. 59 (1973) 2324.

[17) K.M. Bansal and R W. Fessenden, J. Chem. Phys.. 59
(1973) 1760.

[18] L.G. Christophorou, R.A. Mathis. D.R. James and
D.L. McCorkle. I. Phys. D: Appl. Phys., 14 (1981)
1889.

[19] A.R. Ravishankara. S. Solomon. A.A. Turnipseed and
R.F. Warren, Science. 259 (1993) 194,

(20} R.A. Morris. A.A. Viggiano and J.F. Paulson. in

Program of the 46th Annual Gaseous Electronics
Conference, University of Montreal, Montreal, 1993, p.
49.
See also. R.A. Morris, T.M. Miller. A.A. Viggiano.J.F.
Paulson. S. Solomon and G. Reid, Eos Trans. Am.
Geophys. Union, 74 (1993) 111.

[21]) M. Biondi. Phys. Rev.. 109 (1958) 2005.

[22] H.J. Oskam, Philips Res. Rep.. 13 (1958) 335,




T M. Miller et al. Int J. Mass Spectrom. lon Processes 135 71994, (95 203 208

[23] P. Kebarle and S. Chowdhury, Chem. Rev., 87 (1987)
S13

[24] P.W. Atkins, Physical Chemistry. 3rd edn.. Freeman,
New York. 1986. p. 702.

[25) M.W. Chase, Jnr.. C.A. Davies. J.R. Downey. Inr..
D.J. Frurip. R.A. McDonald and AN. Syverud, J.
Phys. Chem. Ref. Data. (4 (1985) (suppl. 1).

[26} (a) A.V. Phelps and J.L. Pack, Phys. Rev. Lett.. 6 (1961)
111,

(b) J.L. Pack and A.V. Phelps. J. Chem. Phys., 44
(1966) 1870; 45 (1966) 4316.

[27] E.C.M. Chen. and W.E. Wentworth. J. Phys. Chem., 87
(1983) 45; E.C.M. Chen. J.R. Wiley, C.F. Batten and
W.E. Wentworth, J. Phys. Chem.. 98 (1994) 8K.

[28] (a) W.E. Wentworth. E.C.M. Chen and J.E. Lovelock.
J. Phys. Chem., 67 (1963) 2201.

{b) R.S. Becker and E.C.M. Chen. J. Chem. Phys., 45
(1966) 2403.
[29] M. McFarland. D.B. Dunkin. F.C. Fchsenfeld. A L.

Schmeltekopt and E.E. Ferguson. J. Chem. Phys, S6
(1972) 2358.

[30] D.A. Parkes and T.M. Sugden. J. Chem. Soc. Faradas
Trans. 2. 68 (1972) 600.

[31] A.A. Viggiano. R.A. Mornis and J.F. Paulson. J. Phy
Chem., 94 (1990) 3286.

[32] E.P. Grimsrud, S. Chowdhury and P. Keburle, !
Chem. Phys.. 83 (1985) 3983.

[33] R.S. Mock and E.P. Grimsrud. Int. J. Mass Spectrom
Ton Processes, 94 (1989) 293,

[34] P.G. Datskos, L.G. Christophorou and J.G. Carter. J
Chem. Phys.. 99 (1993) 8607.

[35] A Chutjian and S.H. Alajajian. J. Phys. B. 20 (1987)
839.

[36] C.E. Klots. Chem. Phys. Lett. 38 (1976} 61.

[37) TM. Miller in D.R. Lide t(Ed). Handbook of
Chemistry and Physics, 74th edn.. CRC Press. Boca
Raton. FL. 1993 p. 10 192




PP N

Submission of papers (in English, French or German ( English is preferred) )
Papers should be sent to:
M.T. BOWERS, Department of Chemistry, University of California, Santa Barbara, CA 93106, USA (Fax: + 1 805 893 8703)
or to: H. SCHWARZ, Department of Chemistry, Technical University, Strasse des 17. Juni 135, W-1000 Berlin 12, Germany (Fax: +49 30 3142 1102)
or to: J.F.J. TODD, University Chemica) Laboratory, University of Kent, Canterbury, Kent CT2 7NH, UK (Fax: +44 227 475475)

Submission of an article is understood to imply that the article is original and unpublished and is not being considered for publication elsewhere.
Upon acceptance of an article by the journal, author(s) will be asked to transfer the copyright of the article to the publisher. This transfer will ensure the
widest possible dissemination of information.

Publication
International Journal of Mass Spectrometry and lon Processes (ISSN 0168-1176). For 1994 volumes 129140 are scheduled for publication.
Subscription prices are available on request from the publisher.

Subscriptions are accepted on a prepaid basis only and are entered on a calendar year basis. Issues are sent by surface mail except to the following
countries where air delivery via SAL (Surface Air Lift) mail is ensured: Argentina, Australia, Brazil, Canada, Horg Kong, India, Israel, Japan, Malaysia,
Mexico, New Zealand, Pakistan, PR China, Singapore, South Africa, South Korea, Taiwan, Thailand, USA. For all other countries airmail rates are
available upon request. Claims for missing issues must be made within six months of our publication (mailing) date.

Please address al] your requests regarding orders and subscription queries t0: Elsevier Science, Jounal Department, P.O. Box 211, 1000 AE Amsterdam, The
Netherlands (Tel: + 31 20 5843 642; Fax: + 31 20 5803 598).

Reprints
Fifty reprints will be supplied free of charge. Additional reprints (minimum 100) can be ordered at quoted prices. They must be ordered on order forms
vhicls are sent together with the proofs.

Advertisements
For rates apply to the publisher.

Subscriptions should be sent to: ELSEVIER SCIENCE B.V., Journals Department, P.O. Box 211, 1000 AE Amsterdam, The Netherlands
(Tel: +31 20 5803 911; Telex: 18582).

US mailing notice— International Journal of Mass Spectrometry and Ion Processes (ISSN 0168-1176) is published monthly by Elsevier Science
B.V., Molenwerf 1, Postbus 211, 1000 AE Amsterdam. Annual subscription price in the USA US$2504.00 (valid in North, Central and South America
only), including air speed delivery. Second class postage is paid at Jamaica, NY 11431,

USA POSTMASTERS: Send address changes to International Journal of Mass Spectrometry and lon Processes. Publications Expediting, Inc.. 200
Meacham Avenue, Elmont, NY 11003. Airfreight and mailing in the USA by Publication Expediting.

INSTRUCTIONS TO AUTHORS

Manuscripts
Authors should submit the original and two copies in double-spaced type with adequate margins on pages of uniform size. Instruc-
tions for the preparation of compuscripts are available from the publisher.
Acknowledgements and references should be placed at the end of the paper. It is recommended that authors use the nomenclature and
symbols adopted by [UPAC (Quantities, Units and Symbols in Physical Chemistry, Biackwell Scientific, Oxford, 1988). See also the
TIUPAC Recommendations for Symbolism and Nomenclature for Mass Spectrometry, Pure Appl. Chem., 50 (1978) 65, and reprinted in
Int. J. Mass Spectrom. lon Phys., 29 (1979) 392.
Tables should be typed on separate pages and numbered with Arabic numerals in the order in which they are mentioned in the text. All
tables should have descriptive titles. The use of chemical formulae and conventional abbreviations is encouraged in tables and figures
but chemical formulae should not be used in the text unless they are necessary for clarity. Units of weight, volume, etc., when used with
numerals should be abbreviated and unpunctuated (e.g. 2%, 2ml, 28, 2ul, 2 ug, 2ng, 2cm, 200 nm).
Figures should be drawn in black, waterproof drawing ink on drawing or tracing paper. Standard symbols should be used in line
drawings; the following are available to the typesetter:

OPex+asa000B Y% —

Photographs should be submitted as clear black-and-white glossy prints. Figures and photographs should be of the same size as the
typed pages. Legends for figures should be typed on a separate page. Figures should be numbered with Arabic numerals in the order in
which they arc mentioned in the text.
References in text should be numbered (on the line and in square brackets) in the order of their appearance. The reference list at the
end of the article should be in numerical order of appearance in the text. Abbreviations of journal titles should conform to those adopted by
the Chemical Abstract Service (Bibliographic Guide for Editors and Authors, The American Chemical Society, Washington, DC,
1974). The recommended form for references to journal papers and books is as follows: 1 JJ. Lingane and A.M. Hartley, Anal. Chim. Acta,
11(1954) 475. 2 F. Feigl, Spot Tests in Organic Analysis, 7th edn., Elsevier, Amsterdam, 1966, p. 516. For multi-author references, all
authors must be named, and initials given, in the reference list, although the use of, for example, Smith et al,, is desirable in the text.
An abstract of not more than 500 words should be provided in the language of the paper. The abstract should be & concise and factual
description of the contents and conclusions as well as an indication of any new findings. References should be avoided in the abstract if
at all possible. If they are necessary, they should be given in full and not included as part of the numbered list. lllustrations (e.g.
formulae and schemes which cannot be typeset) should be avoided in the abstract if at all possible. For papers in French or German,
an English abstract should also be provided. No abstract is needed for Short Communications.
Detailed suggestions and instructions to authors are published in Int. J. Mass Spectrom. lon Processes, 128 (1993) 209~212. A free
copy of these instructions is available from the publisher on request.



